Introduction
Maurocalcine (MCa) is a 33 amino acid residue peptide that was initially isolated from the venom of the chactid scorpion Scorpio maurus palmatus [1] (Fig. 1A) . Since then, it has been chemically synthesized without any loss in pharmacological activity or structural alteration [2] . The peptide is cross-linked by three disulfide bridges according to the pattern: Cys 3 -Cys 17 , Cys 10 -Cys 21 and Cys 16 -Cys 32 [2] . The 3-D structure of MCa, determined in solution by 1 H-NMR [3] , shows an inhibitor cystine knot motif [4] and three β-strands running from amino acid residues 9-11 (strand 1), 20-23 (strand 2) and 30-33 (strand 3),
respectively. The β-strands 2 and 3 form an antiparallel sheet. MCa is a highly basic peptide since 12 out of 33 residues are positively charged, including the amino terminal Gly residue, seven Lys residues and four Arg residues ( Interestingly, none of the four Arg residues are involved in this basic face. The rest of the molecule is mainly hydrophobic (Fig. 1C , right panel), meaning that MCa is a strongly polarized molecule and possesses an important dipole moment. Three relative peptides have been isolated or cloned from the venoms of different scorpions: imperatoxin A [5] , from the scorpion Pandinus imperator, that shares 82% sequence identity with MCa, and both opicalcine 1 and 2 [6] , from the scorpion Opistophthalmus carinatus, that show higher 91%
and 88% sequence identities, respectively (Fig. 1B) . In these three analogues, amino acid substitutions did not alter the net global charge of the peptides.
MCa and imperatoxin A have initially triggered interest for two reasons. First, they are potent activators of the ryanodine receptor (RyR), a calcium channel responsible for the release of calcium from intracellular stores [5, 7] . Indeed, both toxins bind with nanomolar affinity onto the skeletal muscle isoform of the RyR inducing a n increase in opening probability and the appearance of long-lasting openings of the channel at a sub-maximal conductance state. These effects are responsible for the property of MCa to induce calcium release from the sarcoplasmic reticulum (SR) [2, 8, 9] . Moderate effects of imperatoxin A have been reported on the cardiac (type 2) and brain (type 3) RyR isoforms as well [10, 11] .
Interestingly, application of MCa in the extracellular medium of cultured myocytes triggers, within seconds, a transient calcium release from the SR intracellular store [7] . Second, both toxins present some sequence homology with a cytoplasmic sequence (termed domain A) of the pore-forming subunit of the dihydropyridine (DHP)-sensitive voltage-gated calcium channel of skeletal muscle (DHP receptor, DHPR) [7, 12] . This homology is located in a DHPR region known to be important for the mechanical coupling between the DHPR and RyR, a physiologically process required for SR calcium release and therefore muscle contraction. Besides this sequence homology, it has been proposed that the β-sheet structure of the MCa and imperatoxin could mimic the helical structure of domain A [13] . In addition, a peptide of domain A, MCa and imperatoxin A were all shown to induce similar modifications in RyR channel properties [2, 8, 9] . Peptide A was found to block at least some effects of MCa [8] or imperatoxin A [14] . Finally, we recently demonstrated that MCa and peptide A share common binding sites on RyR [15] . As such, MCa and its related analogues are interesting peptide tools for dissecting the molecular events that lead to muscle contraction [16] . Fig. 2 summarizes the major aspects of these findings.
Given the location of the site of pharmacological action of MCa and its analogues, combined with the rapid effect of MCa on cultured myocytes Ca 2+ homeostasis upon external application, these peptides ought to efficiently cross the plasma membrane through a process faster than endocytosis. Therefore, these peptides now become interesting for a third reason:
they may be derived for technological purposes in order to favor the membrane translocation of non-permeable molecules or nano-compounds. Proof that MCa translocates across the plasma membrane was recently provided by using a biotinylated derivative of MCa (MCa b )
that was coupled to a fluorescent derivative of streptavidine (Strep) [17] . Indeed, we showed that the MCa b -Strep complex efficiently penetrates into various cell types without requiring metabolic energy or endocytosis. This penetration was rapid and reached saturation within 20 min for an external MCa concentration of 100 nM. MCa appears to share several traits with other cell penetrating peptides (CPPs) such as the HIV-encoded transactivator of transcription (Tat) [18] , the insect transcription factor Antennapedia (Antp, also termed penetratin) [19] , the herpes virus protein VP22 that regulates transcription, the chimeric peptide transportan [20] made in part by the neuropeptide galanin and by the wasp venom peptide mastoparan, and polyarginine peptides [21] . MCa has in common with these peptides the following characteristics: 1) it is a small peptide, 2) it is heavily charged, 3) it penetrates efficiently in all cell types and in 100% of the treated cells, 4) its penetration is fast and doesn't require cell energy suggesting that it can penetrate without an endocytosis-type mechanism, 5) its penetration doesn't apparently require the presence of cell surface receptors, and 6) MCa can carry high molecular weight cargoes during the penetration process. The CPPs have proven invaluable for the efficient cell penetration of oligonucleotides [22] , plasmids [23] , antisense peptide nucleic acids [24] , peptides [25] , proteins [26, 27] , liposomes [28] and nanoparticles [29] . CPPs open the door to important new applications: antisense strategies for pain treatment [24] , novel probes for intracellular magnetic labeling both in vitro and in vivo [30] , brain delivery of antineoplastic agents [31] or other therapeutic biomolecules [32] , delivery of cyclosporine A for inhibition of cutaneous inflammation [33] , etc. Because MCa appears to represent the first known natural disulfide-bridged cell penetrating peptide that possesses a well identified intracellular target, we further characterized its properties of cell penetration.
We investigated the concentration dependence of MCa penetration, its cell toxicity and its mechanism of penetration. For the latter, we studied i) the effect of transmembrane potential variation onto the penetration and ii) the affinity of MCa for various membrane lipids. The data obtained further strengthen the hypothesis that MCa reaches its pharmacological target by entering cells through a translocation mechanism. The lack of cell toxicity of this peptide vector, combined with the availability of pharmacologically inactive analogues, suggest that MCa derivatives will permit future promising technological and medical applications.
Materials and methods

Materials
The disialoganglioside NeuAcα2-8NeuAcα2-3Galβ1-4Glcβ1-Cer ( GD3) and dipalmitoylphosphatidylcholine (DPPC) were purchased from Matreya Inc and Sigma, respectively.
MCa and MCa b peptide synthesis
The chemical syntheses of MCa and its biotinylated derivative MCa b were performed as previously described [2, 17] .
Cell culture
HEK293 (human embryonic kidney cells, ATCC) were maintained at 37°C in 5% CO 2 in DMEM (Dulbecco's modified Eagle's medium, InVitrogen) supplemented with 10% (v/v) heat-inactivated foetal bovine serum (InVitrogen) and 10.000 units/ml streptomycine and penicillin (InVitrogen). Data were obtained and analysed using CellQuest software (BD Biosciences). Live cells were gated by forward/side scattering from a total of 10.000 events. The cell viability was measured using the Cell Quanti-MTT assay Kit (Bioassay, USA). Here, the conversion of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) into purple colored MTT formazan by the living cells indicates the extent of cell viability. The optical density was measured at 570 nm using the FLUOstar OPTIMA microplate reader (BMG Labtech) followed by analyses.
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Results
Cell distribution of MCa b -Strep-Cy5 and time-dependent re-distribution towards the nucleus
In a former study, we have demonstrated that MCa b -Strep-Cy3 complexes enter efficiently in the cytoplasm of various living cell types [17] . Cell entry was not prevented by inhibitors of endocytosis or pinocytosis or by incubation at 4°C. Cell fixation also did not appear to alter the cellular distribution of the complex even though it appears more questionable for other
CPPs [35] . Here, we further investigated by confocal microscopy the cell distribution of Nevertheless, since it is clear that FACS analysis can be validly used for studying cellular uptake of CPPs only when a protease digestion step is included, (see also [35] ), we thus performed all the subsequent analyses by including a trypsin digestion before FACS measurements.
We Since for periods of incubation longer than 1 hr, MCa could be detected also in the nucleus, there is a possibility that cell toxicity may be a late phenomenon. We therefore also examined whether cells were sensitive to a prolonged exposure to MCa (4 hrs and 24 hrs incubation periods). MCa was tested alone since potential toxic effects of streptavidine were without cellular interest. HEK293 cell viability was measured using the Cell Quanti-MTT assay Kit from Bioassay corporation. As shown in Fig. 4C , there was absolutely no sign of significant cell toxicity for MCa concentrations up to 5 µM whether the incubation time lasted 4 hrs or 24 hrs. Only 8.0 ± 1.4 % cell toxicity was detected for an MCa concentration of 10 µM and a 24 hrs incubation time.
Dose-dependent penetration of MCa b -Strep-Cy3 in HEK293 cells
Since MCa b appears to act as an efficient CPP, we next determined the dose-dependence of cell penetration of the MCa b -Strep-Cy3 complex. A mechanism of penetration that would rely on endocytosis would be expected to saturate, whereas a mechanism based on membrane translocation should be less prone to saturation. Fig. 5A illustrates that a detectable cell penetration is visible at a concentration as low as 10 nM, and that this penetration increases without any sign of saturation with increasing complex concentrations (Fig. 5B) . 
MCa interaction with membrane lipids
To assess whether MCa could interact with specific membrane lipids, monomolecular films of DPPC and ganglioside GD3 were spread at the air-water interface. MCa was then added in the aqueous subphase at a concentration of 1 µM. The variations in the surface pressure of the film were then continuously recorded as a function of time (Fig. 7A) . The data show that MCa is able to penetrate into the monolayer of GD3, as objectified by the large increase in surface pressure of the GD3 film. In contrast, MCa does not induce significant change in the surface pressure of the DPPC film, indicating that MCa does not recognize this glycerophospholipid.
A dose-dependent interaction of MCa with lipid monolayers formed with ganglioside GD3 is shown in Fig. 7B . The interaction is clearly detectable at a concentration of 100 nM of MCa and reaches a maximum at 750 nM. The half-maximal effect was obtained at a concentration of 490 nM.
Discussion
The value of MCa for cell penetration of proteins
MCa appears as an interesting new candidate to serve as vector to mediate cell penetration of 
Interaction of MCa with lipids
Surface pressure measurements of MCa with monomolecular films of specific membrane lipids indicate that MCa can interact with gangliosides such as GD3, whereas it totally ignores DPPC. Therefore, these data suggest that the site of interaction of MCa with the external leaflet of plasma membranes may correspond to discrete areas enriched in negatively charged lipids such as gangliosides. Correspondingly, the lack of interaction of MCa with DPPC is consistent with the presence of a positive charge in the polar head group of this lipid, a property that should not be favourable for the numerous basic amino acids of MCa. In contrast, the positively charged peptide is expected to interact with negatively charged lipids.
In the external leaflet of the plasma membrane, gangliosides are the most abundant lipids belonging to this category. Altogether, these data suggest that the initial interaction of MCa with plasma membranes occurs in gangliosides enriched domains. These domains may correspond to specific lipid rafts as previously suggested [37] . 
Endocytosis versus cell translocation
The question of the mechanism of cell penetration of CPPs appears to be hotly debated.
Arguments have been put forward in favor of endocytosis, as well as for a pure energy independent membrane translocation mechanism. It is worth emphasizing that there is no contradiction for the coexistence of an endocytic pathway and a nonendocytic one. We discuss both issues.
Cell penetration of Tat has been demonstrated in experimental conditions in which cellular
energy was depleted, temperature lowered, clathrin-dependent endocytosis inhibited, and cholesterol removed [ 38] . Arguments in favor of cell translocation of MCa are the observations that penetration also occurs at 4°C and upon treatment of cells with amiloride and nystatin [17] . The fact that the penetration of MCa does not saturate with increasing concentrations cannot be presented as an argument for a translocation mechanism since a non saturable step such as lipid interaction may be followed by endocytosis. Nevertheless, we provide two additional evidences in this manuscript for the non-endocytotic pathway. First, MCa cell entry is sensitive to membrane potential variation in manner coherent with the global net positive charge of MCa. To our knowledge, endocytosis is not known to be inhibited by voltage reduction. Second, MCa interacts with negatively charged membrane lipids, a condition that is required for any type of mechanism of translocation. Specificity of this interaction is demonstrated by the lack of association to a non-charged lipid. Interaction with negatively charged lipids was also observed for Antp [39] . The observation that cell fixation may influence the cell distribution of CPP renders the nonendocytic pathway difficult to defend [35] . However, this artifact of procedure may presumably be valid only for CPPs Strep-Cy3 complex warrants against an artifact of cell fixation. The presence of the complex in the nucleus after a period of 24 hrs is a strong indication that the peptide must be present in a free-form in the cytoplasm after a specific period. Finally, we have not noticed any evident difference between experiments with live [17] and fixed cells. It should be emphasized that the most compelling argument in favor of cell translocation is the fact that MCa's pharmacological target has a strict cytoplasmic localization [15] . Also, the fast kinetics of MCa effects on calcium homeostasis is indicative that it reaches its binding site extremely rapidly, through a process that is largely incompatible with endocytosis [7] . In that respect, the coupling to a fluorescent Strep largely slows down the kinetic of cell entry. Electron microscopy studies with CPPs coupled to nanoparticles that are too large to undergo endocytosis will likely bring further evidence in favor of membrane translocation.
The observation that heparin treatment significantly inhibits MCa penetration into HEK293 cells may be in favor of an endocytic pathway. This may suggest that part of MCa cell penetration involves binding onto proteoglycans. We presume that it is the basic character of MCa that promotes its binding to negatively charged complex sulfated glycosaminoglycans of the cell surface. Although heparin may indeed competitively hinder MCa binding onto HPSG, and hence endocytosis, it may also non-competitively neutralize the basic face of MCa and partially block the interaction with negatively charged lipids and cell translocation. This issue will be resolved by examining cell penetration of MCa in proteoglycan-deficient cell lines. Nevertheless, we cannot rule out that a significant fraction of MCa entry also occurs via lipid raft-dependent macropinocytosis, a specialized form of fluid phase endocytosis, that is independent of caveloe, chlathrin and dynamin [40] .
Role of membrane potential
What drives the penetration of MCa into cells? There are two potential driving forces that can MCa b -Strep-Cy3 entry was lessened by membrane depolarization. As such, negative membrane potentials will act as "concentrators" of MCa into the cell, which may well explain why the associated cell fluorescence for MCa b -Strep-Cy3 complexes was higher inside the cell than outside upon equilibrium [17] . Similarly, voltage-dependence of cell penetration has also been observed for the Antennapedia-derived penetratin [41] . In the case of penetratin, a significant increase in the rate of entry had been observed which is also expected. It will thus be interesting to check whether MCa entry is also accelerated by voltage.
Interesting parallels between MCa and peptide A and relevance to excitation-contraction coupling
The limited sequence homology between MCa and peptide A, combined with the observation that both peptides bind onto the same site of RyR [15] allow three interesting questionings. 
